Introduction {#sec1}
============

The collection and storage of genomes through sperm cryopreservation, combined with associated assisted reproductive technologies (ARTs) for restoring animals and genes using the genetic material, could play a large role in threatened species conservation ([@ref4]; [@ref5]; [@ref25]). Despite the potential to apply these technologies to all vertebrate taxa, reptiles are a relatively neglected taxon, with few successful sperm cryopreservation protocols developed for this group despite some attempts and typically much lower rates of successful post-thaw recovery ([@ref4]; [@ref5]; [@ref32]). This is important because up to 25% of reptilian species are threatened with extinction globally and a further 25% are classed as data deficient ([@ref3]). Indeed, some reptile orders such as the Testudines and Crocodilia may be as high as 50% threatened with extinction globally ([@ref3]; [@ref22]).

Given the limited number of reports and species investigated across the reptiles, whose major lineages have evolved very different reproductive systems, there is a strong imperative to understand general principles and shared aspects of sperm cryopreservation protocols in one or more model reptile species. Ideally, these studies would serve as a prelude for the development of optimized protocols within and between reptilian groups. Lizards are one of the most diverse reptile groups, yet sadly, of the known approximately 6100 lizard species globally, the International Union for Conservation of Nature (IUCN) has classified at least one-third as threatened with extinction ([@ref3]; [@ref21]). Given their significance and diversity within squamate reptiles, lizards are an appropriate group to focus on for the development of an optimized sperm cryopreservation protocol, notwithstanding the success reported for one species ([@ref43]). One such lizard that is currently suffering large population declines is the yellow-spotted monitor (*Varanus panoptes*), an Australian species that has been severely impacted by the presence of the invasive cane toad (*Rhinella marina*) ([@ref12]; [@ref13]; [@ref14]). Affected populations decline through increased mortality rates resulting from lethal toxic ingestion when the toad is consumed as prey ([@ref12]; [@ref14]; [@ref42]). Since its introduction to Australia in 1935 ([@ref12]; [@ref28]), the cane toad has caused population crashes of up to 97% in *V. panoptes* ([@ref12]) as well as extirpations of this and at least one other monitor species in some parts of northern Australia ([@ref14]), which in turn has resulted in rippling effects throughout ecosystems via trophic cascades ([@ref14]; [@ref15]). *Varanus panoptes* is thus an ideal model species for the development of sperm cryostorage and ARTs, because it is abundant ahead of the toad front for conducting experiments, but is threatened behind the invasion vanguard and exerts a disproportionately large influence over its ecosystem, thus warranting urgent conservation attention.

Sperm cryopreservation involves a series of steps that must be optimized to minimize the cell damage associated with deep freezing ([@ref11]). Dimethyl sulfoxide (DMSO) and glycerol are perhaps the two most commonly investigated cryoprotectants for the spermatozoa of wildlife species, although the relative success of each often varies depending on the species ([@ref8]). Cryoprotective agents (CPAs) also become increasingly toxic as the concentration increases ([@ref2]), which can result from non-specific toxicity via water molecule interference with the cell membrane or specific toxicity derived from the CPA type and concentration ([@ref18]; [@ref19]). It is important to understand the interplay of these factors in order to develop appropriate conditions for sperm cryopreservation.

In addition to optimizing cryoprotectant, media and cooling rates as a part of the freeze-thaw protocol, other factors may aid in increasing the viability of sperm and thus improve their motility characteristics in preparation for ARTs such as *in vitro* fertilization (IVF) or artificial insemination. For example, the addition of the phosphodiesterase inhibitor caffeine has been shown to increase intracellular levels of the second messenger, cyclic-adenosine monophosphate (cAMP) ([@ref36]; [@ref39]), resulting in a consequential increase in forward progressive motility in unfrozen epididymal sperm of the lizard, *Lacerta vivipara* ([@ref10]). In a similar context, cryopreserved mammalian spermatozoa have also been shown to display elevated levels of post-thaw motility following incubation in caffeine ([@ref30]; [@ref38]; [@ref40]; [@ref41]). The addition of caffeine could thus potentially be a novel and simple means by which to stimulate post-thaw motility of lizard sperm, although to the best of our knowledge this principle has never been tested. Therefore, optimizing cryopreservation protocols requires attention to the separate components of cryoprotectant, media and cooling/thawing rates, but also may be enhanced by additional post-thaw treatments.

The objective of the present study was to develop an optimized sperm-freezing protocol in the model lizard *V. panoptes* and thus further our understanding of how to freeze reptile sperm and enhance their subsequent post-thaw motility. Specifically, we aimed to determine the following: (1) cytotoxicity of two potential cryoprotectants at various concentrations pre-freeze, that might offset beneficial effects of protecting against freeze damage; (2) whether reptile sperm are sensitive to cold shock elicited in response to rapid-cooling protocols; (3) which cryoprotectant and concentration provides the best protection for freezing the spermatozoa; and (4) whether post-thaw sperm motility could be improved by the addition of the phosphodiesterase inhibitor caffeine, thus potentially providing a novel method for optimizing reptile spermatozoa freeze-thaw protocols.

Materials and methods {#sec2}
=====================

Collection of animals, reproductive tracts and spermatozoa {#sec3}
----------------------------------------------------------

*Varanus panoptes* males (n = 11) were collected from Fitzroy Crossing, Western Australia (−18.192410 °S, 125.566893 °E) over two breeding seasons (November to April) in 2015 (n = 5) and 2017 (n = 6). Animals were collected using cage traps (810 × 254 × 305 mm; Havahart, PA, USA) baited with kangaroo tails, checked twice daily. Animals were euthanized within 2 days of capture by blunt cranial displacement followed by immediate severing of the spinal cord. Immediately post-euthanasia, each animal was carefully dissected for the removal of both reproductive tracts. The testes and male genital ducts of lizards are intra-abdominal and paired with both tracts contributing to the production and storage of spermatozoa (left and right testes are of similar size) ([@ref37]). The major extra-testicular ducts are the epididymis and the ductus deferens and these are the primary sites of post-testicular sperm maturation and storage. The epididymis is regarded as the primary storage organ for sperm in lizards ([@ref9]; [@ref37]), although in *V. panoptes*, the ductus deferens is larger and holds more sperm than the epididymis during the reproductive season (unpublished data). Spermatozoa for this study were collected directly from the ductus deferens.

Upon dissection, the tracts and testes were immersed in Dulbecco's phosphate-buffered saline (PBS; Ca^++^, Mg^++^ free) (Sigma-Aldrich, St. Louis, MO, USA) to prevent desiccation. The vas deferens of both tracts were then macerated in a 60 × 15 mm petri dish containing 1 ml PBS by making several incisions along its entire length. Following maceration, each dish was allowed to stand for 2 minutes to release the sperm from the tract. Excess tissue was removed from each dish to create the final sperm suspension for experiments. All animal experiments and procedures were conducted with approval of the University of Newcastle Animal Care and Ethics Committee (ethics authorization A-2016-601) and Western Australia scientific permit 08-001546-2.

Cytotoxic effects of cryoprotectant type and concentration on sperm motility {#sec4}
----------------------------------------------------------------------------

The spermatozoa of four individuals collected during November 2015 were used to assess the cytotoxic effects of cryoprotectants on lizard sperm. Two to four sub-samples from each individual (14 in total) were incubated at room temperature (25°C) for 5 hours in PBS (Ca^++^, Mg^++^ free) with or without DMSO or glycerol (Univar USA Inc., Redmond, WA, USA) at concentrations of either 5, 10 or 20% v/v. After the 5-hour incubation period, the percentage motile sperm in each sample was assessed in duplicate under a light microscope with phase optics (Nikon Instruments, Melville, NY) at 400× magnification. At least 200 spermatozoa were assessed from a minimum of three randomly selected fields of view and the experiment repeated four times for each individual (one individual repeated twice).

Effect of rapid cold shock {#sec5}
--------------------------

The spermatozoa of five individuals collected during November 2015 were assessed for potential susceptibility to cold shock as a prelude to later determination of optimal cooling rates for sperm cryopreservation. Three to four samples (5 μl) of sperm macerates in PBS (Ca^++^, Mg^++^ free) from each animal were placed on a glass microscope slide without a cover slip and incubated for 90 seconds at either room temperature (\~25°C) or at −20°C in a standard freezer. Following cooling, each sample was incubated at room temperature for 2 minutes before the percentage of motile spermatozoa was assessed as described above.

Effect of cryoprotectant type, cryoprotectant concentration during cryopreservation and post-thaw addition of caffeine on recovery of sperm motility {#sec6}
----------------------------------------------------------------------------------------------------------------------------------------------------

Sperm macerates from five animals collected during April 2017 (n = 2) and December 2017 (n = 3) were used to test the effects of freezing and thawing on sperm motility in varying concentrations of two cryoprotectants in PBS (Ca^++^, Mg^++^ free) media, followed by post-thaw addition of caffeine. Sperm macerate sub-samples from the two animals collected in April 2017 were diluted 1:1 in either DMSO or glycerol in PBS to achieve a final concentration of 5% v/v (n = 20 straws), 10% v/v (n = 24 straws) or 20% v/v (n = 24 straws). Individual sperm macerate sub-samples (50 μl) were loaded into 250 μl straws in triplicate and were cooled rapidly at a mean rate of approximately −32.1°C/minute ([Fig. 1](#f1){ref-type="fig"}) by suspending the straws horizontally at 5 cm above liquid nitrogen in a foam ice box ([@ref26]). The cooling rate was determined by measuring the internal temperature of a 250-μl straw loaded with 50 μl of water and frozen following the same methods for the sperm-loaded straws. Temperature was measured using a thermocouple inserted into cryostraws containing distilled water and was repeated four times. After 5 minutes, the straws were plunged directly into liquid nitrogen and transferred to a liquid nitrogen dewar (Taylor-Wharton, Theodore, Alabama) for storage. The samples were subsequently thawed after \~48 hours of storage by immersing the straws into a \~500 ml of water bath at 35°C for \~1 minute. Each thawed straw was diluted 1:1 in PBS (Ca^++^, Mg^++^ free) with or without the presence of 20 mM caffeine (Sigma-Aldrich, St. Louis, MO, USA) to achieve a final caffeine concentration of 10 mM. Sperm macerate sub-samples from the three animals collected in December 2017 were subjected to the same freeze-thaw protocols above, but only using DMSO at a concentration of 10% v/v to serve as a direct comparison of the effect of season at that cryoprotectant concentration (end of wet season vs start of following wet season). The percentage of motile sperm was then scored for all treatments as described above. Additionally, the percentage of live and dead sperm cells was determined through fluorescence microscopy by diluting samples 1:1 with propidium iodide (stock concentration, 1.5 mM) (Sigma-Aldrich, St. Louis, MO, USA) and immediately assessing following a 10-second incubation at room temperature. The first 100 cells were counted and determined as live (no fluorescence) or dead (red fluorescence).

![Cooling rate of water suspended 5 cm above LN~2~, immersed in vapour and cooled over 5 minutes. The data are presented as raw means ±1 standard error of the mean (n = 4 repetitions).](coaa044f1){#f1}

![The effect of cryoprotectant type and concentration on percent sperm motility in unfrozen samples incubated for 5 hours at room temperature (\~25°C). The data are presented as raw mean percentage ± 1 standard error of the mean.](coaa044f2){#f2}

Statistical analysis {#sec7}
--------------------

All data were analysed by the non-parametric Kruskal--Wallis test using JMP Statistical Software (version 11, SAS Institute, Cary, NC, USA), with individual comparisons between treatments determined through Wilcoxon each pair analysis. Analyses were conducted on data derived from replicated sperm samples (straws) within individuals for each treatment.

Results {#sec8}
=======

Animal morphometrics {#sec9}
--------------------

The mean snout-to-vent length of captured animals was 647 ± 112 mm, while the average individual mass was 3120 ± 810 g. The mean total testes mass was 8.89 ± 3.17 g. The mean concentration of sperm in a 1 ml sample was 2.64 × 10^6^ ± 5.6 × 10^5^ cells/ml. All animals had motile spermatozoa in the vas deferens except for one individual, which was removed from the study.

Cytotoxic effects of cryoprotectant type and concentration assessed from sperm motility in unfrozen samples {#sec10}
-----------------------------------------------------------------------------------------------------------

The mean sperm concentration was 2.69 × 10^6^ ± 1.21 × 10^6^ cells/ml, which did not affect the sperm motility for PBS samples (R^2^ = 0.135). Both cryoprotectant type (χ^2^ = 37.45, df = 1, *P* \< 0.001) and cryoprotectant concentration (χ^2^ = 23.97, df = 2, *P* \< 0.001) significantly affected percent sperm motility when present for 5 hours in unfrozen samples ([Fig. 2](#f2){ref-type="fig"}). DMSO was less cytotoxic than glycerol at equivalent concentrations, with percent motility decreasing as cryoprotectant concentration increased for both cryoprotectants ([Fig. 2](#f2){ref-type="fig"}). There was no significant difference in sperm motility when incubated at the highest DMSO concentration (20% v/v) compared with the lowest glycerol concentration (5% v/v; χ^2^ = 1.27, df = 1, *P* = 0.26). The highest motility maintained in the presence of a cryoprotectant was in 5% v/v DMSO, with a mean of 69.2 ± 4.2% motile sperm when incubated at room temperature, which was not statistically different to the PBS only (no cryoprotectant) control (78.3 ± 4%; χ^2^ = 3.21, df = 1, *P* = 0.07). Sperm incubated in 10% v/v DMSO also retained high percent motility (57.5 ± 6.1%) comparable to the 5% v/v treatment (χ^2^ = 2.37, df = 1, *P* = 0.124), but all other cryoprotectant media markedly reduced percent sperm motility when incubated at room temperature ([Fig. 2](#f2){ref-type="fig"}).

![Light and confocal microscopy images of normal *V. panoptes* sperm following cryopreservation*.* Sperm were frozen in 10% v/v DMSO.](coaa044f3){#f3}

![The effect of cryoprotectant type and concentration during cryopreservation and the addition of 10 mM caffeine post-thaw on percent sperm motility assessed after thawing of samples. Data are presented as raw means ±1 standard error of the mean.](coaa044f4){#f4}

![Comparison of post-thaw sperm motility between animals captured during April (n = 2) and December (n = 3) for samples frozen with 10% v/v DMSO, with or without the presence of caffeine. Data are presented as raw means ±1 standard error of the mean (derived from 12 repetitions per animal).](coaa044f5){#f5}

Effect of rapid cold shock {#sec11}
--------------------------

Exposure to a rapid temperature decline (cold shock) did not affect mean sperm motility (83.1% ± 2.5) compared with sperm exposed to room temperature only (82.9% ± 3.2) (χ^2^ = 0.241, df = 1, *P* = 0.624).

Effect of freezing and thawing on sperm motility assessed post-thaw in the presence or absence of caffeine. {#sec12}
-----------------------------------------------------------------------------------------------------------

### Samples without post-thaw addition of caffeine {#sec13}

The sperm concentration for both individuals was 2.96 × 10^6^ and 2.64 × 10^6^ cells/ml. Both cryoprotectant type (χ^2^ = 6.89, df = 1, *P* = 0.009) and concentration (χ^2^ = 17.98, df = 2, *P* \< 0.001) significantly affected the percent motility of post-thawed spermatozoa, with the mid-range concentration (10% v/v) yielding the highest post-thaw recovery for both cryoprotectants and DMSO yielding higher post-thaw motility than glycerol ([Figs. 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"} ). However, even the best protocol, utilizing 10% v/v DMSO, yielded a mean post-thaw motility of only 18.1 ± 6.2%; a marked reduction compared to the 57.5 ± 6.1% motility observed for sperm incubated in 10% v/v DMSO at room temperature for 5 hours, or to unfrozen sperm in PBS (88.2 ± 1.2%) ([Figs 2](#f2){ref-type="fig"} and [4](#f4){ref-type="fig"}). The percentage of intact plasma membranes also differed between sperm frozen in PBS only (5.3 ± 3.5%) compared with sperm frozen in 10% v/v DMSO (47.8 ± 7.2%) (χ^2^ = 5.4, df = 1, *P* = 0.02) ([Fig. 6](#f6){ref-type="fig"}).

### Samples with post-thaw addition of caffeine {#sec14}

The addition of caffeine to the sperm samples post-thaw significantly increased the percent motility of sperm for all cryoprotectant protocols (χ^2^ = 58.68, df = 1, *P* \< 0.001; [Fig. 4](#f4){ref-type="fig"}). The positive effect of caffeine was further influenced by the concentration of both DMSO and glycerol cryoprotectants, with higher concentrations resulting in a significantly higher percentage of motile sperm (χ^2^ = 12.79, df = 2, *P* = 0.002; [Fig. 4](#f4){ref-type="fig"}). The highest recovery after the post-thaw addition of caffeine occurred in 10% v/v and 20% v/v DMSO, resulting in post-thaw motility of 48 ± 9.1% and 42.3 ± 8.4%, respectively; comparable to the percent motility observed at equivalent cryoprotectant concentrations pre-freeze ([Figs 2](#f2){ref-type="fig"} and [4](#f4){ref-type="fig"}).

### Comparison of post-thaw samples (10% v/v DMSO) between seasons (April vs. December 2017) {#sec15}

Samples of sperm from animals collected at the end of one breeding season (April 2017; n = 2), did not differ in their post-thaw motility between both caffeine and non-caffeine samples when compared to animals collected at the start of the following breeding season (December 2017; n = 3) (χ^2^ = 1.42, df = 1, *P* = 0.233; [Fig. 5](#f5){ref-type="fig"}). Mean post-thaw motility for caffeine samples was 47.96 ± 6.4% in April and 48.6 ± 5.9% in December 2017, while samples without caffeine had a mean post-thaw motility of 18.06 ± 4.7% and 26.58 ± 4.3% for April and December 2017, respectively.

![Comparison between the percentage of live cells following sperm cryopreservation (n = 4) with 10% v/v DMSO. Data are presented as raw means ±1 standard error of the mean.](coaa044f6){#f6}

Discussion {#sec16}
==========

The main outcomes for our study are two-fold: (1) we demonstrated the capacity to yield high levels of post-thaw motile sperm in the lizard *V. panoptes* and (2) post-thaw incubation in caffeine containing media resulted in a marked and statistically significant increase in percent motility, suggesting reversible metabolic cryobiological effects rather than irreversible structural damage during freeze-thaw protocols. As far as we are aware, our sperm cryopreservation and recovery protocol for this lizard species using the novel approach of post-thaw incubation in caffeine has produced the highest post-thaw recovery of motile spermatozoa for any reptile reported to date ([@ref4]; [@ref5]; [@ref43]). Importantly, this study has also highlighted the different types of damage that may occur within spermatozoa as a consequence of their cryopreservation, i.e. reversible loss of motility, probably due to reduction in metabolic substrates or co-factors ([@ref1]; [@ref30]), versus irreversible structural damage ([@ref23]; [@ref24]).

We found the greatest recovery of sperm motility after cryopreservation was produced with a protocol involving a combination of 10% v/v DMSO in PBS (Ca^++^, Mg^++^ free) and a cooling rate of −32.1°C/min for 5 minutes before plunging into LN~2~, followed by a 10-minute post-thaw incubation in 10 mM of caffeine with PBS, resulting in 48% post-thaw motility of cryopreserved samples (compared to \~88.2% of motility in unfrozen samples). This was also repeated in a separate set of animals (n = 3) where there was no difference in post-thaw motility, thus demonstrating the repeatability of the protocol ([Fig. 4](#f4){ref-type="fig"}). Additionally, the interaction between high CPA concentration and caffeine on increased sperm motility showed that the effects of cryopreservation in permeating CPAs are reversible following thawing. However, this was not the case for low CPA concentrations (5% v/v) illustrating that the reversibility is a concentration-dependent phenomenon. This may reflect a reduced capacity of cryoprotectants to protect against irreversible structural damage at lower CPA concentrations, in contrast to higher concentrations that may protect against structural damage even if they are exerting some cytotoxic effects ([@ref17]; [@ref20]; [@ref23]).

Cryodamage is not limited to the sperm plasma membrane, but can also affect mitochondrial activity resulting in reduced ATP production and metabolism required to sustain motility, partially mediated through loss of cAMP and other cytoplasmic factors to the external environment ([@ref17]; [@ref35]). Phosphodiesterase inhibitors such as caffeine are known to increase intracellular levels of cAMP in sperm ([@ref27]), and cAMP is a major mediator of sperm motility through control of downstream phosphorylation events via its role in regulation of kinase activity. Indeed, recent work has shown that reptilian sperm may have the full range of phosphorylation-mediated cellular mechanisms associated with capacitation, motility and metabolic regulation found in mammalian sperm ([@ref33]; [@ref34]), and the action of caffeine on *V. panoptes* sperm in the current study suggests that restoration of activity in these pathways may be occurring through increased levels of cAMP in post-thaw sperm induced by the addition of caffeine.

The evidence here suggests there is a complex interaction between the cytotoxicity of cryoprotectants and their protective effects against cryodamage analogous to the trade-offs in the two factor (cooling rate/dehydration versus osmotic damage) cryoinjury model of Mazur ([@ref29]). DMSO was a more successful CPA than glycerol for both room temperature and frozen-thawed sperm in terms of maintaining motility, which is similar to the report for the Argentinian black and white tegu, *Salvator merianae* ([@ref43]). In contrast, the only other accounts of reptilian sperm cryopreservation featuring a comparison of DMSO and glycerol were in the saltwater crocodile (*Crocodylus porosus*), where it was found that 5% v/v glycerol was the most effective cryoprotectant ([@ref26]), and an abstract describing the behaviour of rattle snake sperm that also suggested glycerol was a more effective cryoprotectant ([@ref44]). Although there have been sporadic and taxonomically dispersed attempts at reptile sperm cryopreservation, the percentage of viable spermatozoa recovered post-thaw is variable and often lower than reported for other vertebrate taxa ([@ref5]). For example, snake semen has been cryopreserved with \~30% post-thaw recovery ([@ref31]), whereas the best reported outcome for crocodilian semen cryopreservation ranges from 9.3--14.2% mean post-thaw motility ([@ref26]). In what appears to be the only report of lizard sperm cryopreservation, the mean recovery of post-thaw motility as a percentage of the initial fresh motility was 47.8% ([@ref43]), among the highest reported recovery rates for reptilian sperm. Our post-thaw motility for samples frozen in 10% v/v DMSO when compared to the initial sperm motility was 54.4%, which is greater than any previous reported levels of post-thaw motility for a lizard species. Although these differences could be attributed to species-specific effects or differences between protocols (i.e. freeze-rate, media type, thawing rate, etc.), our results demonstrate the applicability of sperm cryopreservation in reptile species. While it appears that glycerol is a less effective CPA than DMSO for *V. panoptes*, this should be tested for other lizard species before generalized protocols advocating DMSO as the rule are put forward.

Our findings provide significant progress for the development of a model cryopreservation protocol for lizards, building on the recent report by [@ref43] with Argentinian black and white tegu sperm, with a protocol that yields high levels of post-thaw motile sperm. Future research should aim to test how applicable the current media conditions and sperm handling procedures optimized for *V. panoptes* are to other species of lizards, as well as protocols for other lineages of reptiles that are more phylogenetically removed such as the turtles and crocodilians. Studies in other groups of vertebrates suggest that ART protocols are not always transferable between long-divided lineages ([@ref5]; [@ref6]; [@ref7]), and hence it is important to test the current method for *V. panoptes* across multiple lineages within the Reptilia.
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